ABSTRACT
INTRODUCTION
Messenger RNA processing is known to be tightly coupled with transcription [1] [2] [3] [4] . Messenger RNA capping [5] and splicing [6] [7] [8] are associated with the core transcriptional complex, primarily through the carboxy-terminal domain (CTD) of the large subunit of RNA polymerase II (RNA pol II). Polyadenylation in particular has long been associated with transcriptional termination [9] [10] [11] [12] [13] [14] , but more recent studies have shown that polyadenylation factors are complexed with the TATA-binding protein (TBP) and RNA pol II [15, 16] during early events in transcription. These interactions strongly suggest coordinated regulation of core elements of transcription with all aspects of mRNA processing, with polyadenylation playing a key role.
Messenger RNAs for several proteins of the core transcriptional machinery are greatly overexpressed in germ 1 This work was supported by grants from the American Heart Association, Texas Affiliate, the Wendy Will Case Cancer Fund, the South Plains Foundation, and Helen Hodges Educational Charitable Trust and Raymond Green scholarships to B.D. [17, 18] . Overexpression of TBP mRNA is due to recruitment of additional start sites of transcription and a general increase in transcription from existing start sites [18, 19] . Synthesis of the mRNA for RNA pol II is similarly increased in early spermatids [17] . However, levels of the TBP and RNA pol II proteins are not increased to the same degree as the mRNA [17, 18] , and much of the mRNA is not found in testicular polyribosomes of adult animals [18, 20] . Because overexpression of the mRNAs for these transcription factors occur at late points in spermiogenesis immediately before transcription halts and neither the mRNAs nor proteins are found in epididymal or mature sperm [20] , it is not yet clear why these genes are overexpressed. Schmidt [21] hypothesized that the overexpression of members of the core transcriptional apparatus in germ cells results in transcriptional promiscuity, allowing genes with otherwise weak promoters to participate in spermatid development and favoring expression of, for instance, expressed retroposons [22] . Although compelling, this hypothesis does not address how overall deregulation of gene expression might benefit specific processes of germ cell development.
On the basis of the coupling of polyadenylation with transcription, we wanted to examine expression of key polyadenylation factors in germ cells. Recently, we [23] and others [24, 25] noted that polyadenylation is unusual in male germ cells, in that many polyadenylated mRNAs lack the canonical polyadenylation signal AAUAAA. To account for this phenomenon, we hypothesized that a testisspecific form of the 64 000 M r protein of the cleavage stimulation factor (CstF-64) controls meiotic and postmeiotic polyadenylation [23] . Here, we offer evidence that mRNAs for two polyadenylation proteins, the somatic CstF-64 and the 160 000 M r protein of the cleavage and polyadenylation specificity factor (CPSF-160), are overexpressed in mouse spermatids along with core transcription factors. Also, proteins associated with mRNA splicing are expressed during these postmeiotic periods, which suggests that the overexpression of transcription factors is not coincidental but is coordinated with mRNA processing to contribute to an as yet unknown function.
MATERIALS AND METHODS

Mouse CstF-64
A 263-base pair (bp) EcoRI fragment from the 5Ј end of the human CstF-64 cDNA clone [26] was used to screen a mouse mixed germ cell cDNA library in a Uni-ZAP XR vector (a gift from G. Cornwall, Texas Tech University Health Sciences Center). A total of 2 ϫ 10 6 pfu were screened, from which 39 positive bacteriophages were identified in the initial round of screening. Plaque-purified bacteriophages were rescued as pBluescript SKϪ plasmids according to the manufacturer's directions (Stratagene, La Jolla, CA). Sequence analysis involved a combination of prim- er walking of single-and double-stranded templates and conventional sequencing of subcloned fragments. Longrange automated sequencing was used to facilitate contig assembly using the SeqMan program (DNAStar, Inc., Madison, WI). Comparison of the sequence of this cDNA to the human cDNA and to restriction maps of CstF-64 cDNAs from somatic cell libraries and from the EST dataset confirmed that this was the somatic form of CstF-64 [23] .
Mouse CPSF-160
A mouse expressed sequence tag DNA (GenBank accession number AA061910) representing the 3Ј end of CPSF-160 was used to screen a pachytene spermatocyte library (a gift of J. McCarrey, Southwest Foundation for Biomedical Research, San Antonio, TX [27] ) for a fulllength mouse CPSF-160 cDNA (mCPSF-160). Automated sequencing of the 5Ј and 3Ј ends and comparison to the human [28] and bovine [29] cDNAs confirmed that this was a full-length cDNA for CPSF-160. The sequence of m-CPSF-160 was deposited with GenBank (accession number AF322193).
RNA Analysis
Tissues were collected from adult male CD-1 mice (Charles River Laboratories, Ballardvalle, MA), frozen in liquid nitrogen, and stored at Ϫ80ЊC. Total RNA was prepared from frozen tissues using Trizol (Life Technologies, Rockville, MD) according to the manufacturer's directions. RNA integrity was estimated by examination of mobilities of 18S and 28S rRNA after ethidium bromide staining of formaldehyde gels [30] .
Poly(A) ϩ RNA [31] and RNA blots [30] were prepared as described, except that transfer to nylon membranes was by capillary blotting in 10ϫ standard saline citrate (SSC) overnight. Prehybridization and hybridization were at 55ЊC, and washes were to a stringency of 1ϫ SSC, 0.1% SDS, 65ЊC followed by autoradiography with an intensifying screen at Ϫ80ЊC. When indicated, hybridization signal was quantified using a PhosphorImager 445 SI (Amersham Pharmacia Biotech, Piscataway, NJ).
Probes for RNA Blots
Probes were labeled by incorporation of [ 32 P]dCTP into gel-purified DNA fragments using random priming (Stratagene). The following DNA fragments were used: 1) a 309-bp KpnI-AatII fragment (nucleotides ) from the 3Ј untranslated region (UTR) of mouse CstF-64, 2) a ϳ1300-bp EcoRI-XhoI fragment from the coding region of mCPSF-160, and 3) a ϳ1100-bp BamHI-EcoRI fragment from the CTD of RNA pol II.
In Situ Hybridization Analysis
In situ hybridization of paraformaldehyde-fixed paraffinembedded slides of adult mouse testes was done according to the method of Ravnik and Wolgemuth [32] . After deparaffinization, postfixation, deproteinization, and refixation, sections were acetylated in a 0.1 M triethanolamine/ 0.25% acetic anhydride solution followed by dehydration in a graded ethanol series. Sections were then prehybridized in prehybridization buffer (50% formamide, 4 ϫ SET, 1 ϫ Denhardt solution, 0.1 mg/ml yeast tRNA and 0.1 mg/ml salmon sperm DNA, 20 ϫ SET is 3 M NaCl, 0.4 M Tris base, 0.04 M EDTA, pH 8.0, and hybridized overnight in a humidified chamber at 50ЊC with 35 S-labeled antisense and sense riboprobes from the mouse CstF-64 3Ј UTR or coding region. Hybridization was in prehybridization buffer plus 10% dextran sulfate, 0.1% SDS, and 10 mM dithiothreitol, including 0.05 ng/ml of denatured probe (10-15 000 cpm/ng). After hybridization, sections were washed extensively, treated with RNase A, and dehydrated with ethanol. Slides were dipped in a 1:1 solution of Kodak NTB-2 emulsion (Kodak, Rochester, NY), dried, and exposed in the dark for 2 wk at 4ЊC followed by developing and staining with hematoxylin and eosin. Sections were viewed with an Olympus (New Hyde Park, NY) BX-60 photomicroscope under combined bright-field fluorescence optics. Photomicrographs were taken using Fujicolor Super HGV 100 film (Fuji Photo Film USA, Inc., Edison, NJ).
Immunohistochemistry and Antibodies
Immunohistochemical analysis of fixed mouse testis sections was performed exactly as described [23] . Antibodies used were anti-CstF-64 monoclonal antibody 3A7 [33] , anti-TBP monoclonal antibody 6H2 [34] , anti-small nuclear ribonucleoprotein (snRNP) antibody Y12 [35] , and anti-E1B antibody 2A6 [33] . Antibody staining was developed in 0.1 M Tris-HCl (pH 7.2) with 0.2 mg/ml of 3,3Ј diaminobenzidine. Slides were counterstained in Harris hematoxylin and viewed with an Olympus BX-60 photomicroscope.
RESULTS
Cloning and Sequencing of the Mouse cDNA for CstF-64
We isolated 39 cDNAs from a mouse germ cell cDNA library using the human CstF-64 cDNA [26] as a probe. Seventeen of these cDNAs were shown to contain CstF-64 sequences by Southern blot analysis. The longest clone obtained (2128 bp) was designated mCstF-64 and was sequenced and characterized ( Fig. 1 ; GenBank accession number AF317552). The largest open reading frame was 1740 bp, encoding a protein of 580 amino acids with a predicted molecular weight of 61 345.5. The conceptual translation product is 93% identical to that of a clone isolated from a HeLa cell cDNA library (Fig. 1, A and B) . Mouse CstF-64 contains 158 bp of 5Ј UTR and 231 bp of 3Ј UTR, with 23 bp of poly(A) tail. A probable polyadenylation signal, AATAAA, is located 24 bp from the site of poly(A) addition.
Differences between the mouse and human proteins (Fig.  1A) include an insert encoding three proline residues at amino acids 349-353 so that five contiguous prolines are observed where two are seen in the human. The 12 ϫ MEARA/G domain consists of 12 nearly identical repeats of the amino acids MEARA/G [26] that may have an unknown structural function in this protein [36] . There are conservative changes within the 12 ϫ MEARA/G domain; 35 S-labeled antisense (A-C) and sense (D) riboprobes. Emulsion-coated slides were exposed for 2 wk, developed, and counterstained with hematoxylin and eosin. Sections were photographed under epiluminescence optics. Roman numerals refer to the stage of the seminiferous tubule [61] . sc, Spermatocytes; rs, round spermatids; e, elongating spermatids. in the first repeat a leucine in the mouse replaces an isoleucine, and in the 10th repeat two alanines replace a valine and a glycine. This also differs from the 11 ϫ LEPRG repeat reported for the orthologous gene in chicken [37] . There are no differences in the RNA-binding domains (amino acids 17-91), which are identical in chicken [37] and Xenopus [38] , very similar in Drosophila [39] , and less similar in Caenorhabditis elegans [40] and the presumptive yeast homolog RNA15 [41] . The strong conservation of the RNA-binding domains suggests that CstF-64 possesses identical RNA-binding specificities in all vertebrate species [42, 43] but might be different in invertebrates and members of other phyla. Strong conservation of the C-termini of mouse, human, Xenopus, and Drosophila (amino acids 534-577) suggests an essential role for that region, perhaps in regulation or protein-protein interaction. A single amino acid (alanine 202 → serine) differs in the region reported to interact with CstF-77 and symplekin (amino acids 185-208 [44] ). Other amino acid differences were observed in regions of CstF-64 for which function is not yet known.
As expected, UTRs differ to a greater extent between human and mouse. The 5Ј UTR of the mouse clone is longer (158 bp vs. 23 bp) than the published clone from human [26] and is only 59.1% identical to that of human in the region that overlaps. The 3Ј UTRs are more similar, at 82.7%.
Messenger RNAs for Polyadenylation and Transcription Proteins Are Overexpressed in Testicular RNA
RNA blot analysis using a 3Ј UTR probe for CstF-64 showed a strong signal at approximately 2.2 kilobases (kb) and a much weaker signal at 3.5 kb in testicular RNA as judged by comparison with DNA markers and 18S and 28S rRNAs (Fig. 2A, lane 7) . The band seen at ϳ5 kb in every lane is likely due to nonspecific hybridization with the 28S rRNA. The 2.2-kb signal was most intense. No signal was seen in RNA from any other tissue tested (lanes 1-6 and 8). These same results were seen using a probe from the coding region of CstF-64 (not shown). For comparison, the filter was reprobed with a cDNA for glyceraldehyde phosphate dehydrogenase (not shown), which corresponded to levels reflected in rRNAs (Fig. 2D) .
Identical analysis using probes for CPSF-160 and the CTD of RNA pol II revealed signals at the appropriate size for each mRNA in testicular RNA (Fig. 2, B and C, lane  7) . At the same time, signal was undetectable in other RNAs surveyed (lanes 1-6 and 8). This finding suggests overexpression of those mRNAs in one or more testicular cell types.
CstF-64 mRNA Is Expressed Highly in Postmeiotic Germ Cells
Because of our interest in the testicular biology of CstF-64 [23] , we performed in situ hybridization analysis on paraformaldehyde-fixed sections from adult mouse testis using 35 S-labeled antisense RNA probes from mCstF-64 (Fig. 3) .
In situ hybridization with either coding region (Fig. 3 , A-C) or 3Ј UTR (not shown) antisense probes from CstF-64 revealed small clusters of silver grains over Leydig cells, resident macrophages, spermatogonia, and early stage VIII to stage XII spermatocytes (Fig. 3, A and C, arrows) , indicating low levels of CstF-64 mRNA expression in these cell types. As primary spermatocytes enter pachytene, there are few grains over these later stage spermatocytes, and this pattern continues throughout the remainder of meiosis, indicating a paucity of CstF-64 mRNA in these meiotic cells. This finding is in agreement with our previous observation that the somatic CstF-64 protein is absent in these cells [23] . Control hybridizations with sense probes indicated the low background levels of signal for all cell types in these sections (Fig. 3D) .
In contrast, round and early elongating spermatids expressed very high amounts of CstF-64 mRNA. This level of signal begins in approximately step 5 round spermatids in stage V and continues to step 11 elongating spermatids in stage XI (Fig. 3, A-C) . Thus, there are ''somatic'' levels of CstF-64 mRNA in spermatogonia and early meiotic germ cells, which then decline to background levels during the later stages of meiosis in pachytene and diplotene spermatocytes. Following meiosis, CstF-64 mRNA expression is initiated again in the haploid cells, terminating at the same time as normal haploid gene transcription ceases [23] .
CstF-64 mRNA Is Expressed in Testis at a Level at Least 250 Times That in Liver
We were unable to detect CstF-64 mRNA in Northern blots from as many as 20 g of total RNA from any mouse somatic tissue (Fig. 2 , some data not shown). Therefore, to obtain a general estimate of the relative abundance of CstF-64 mRNA in liver and in testis RNA, we performed Northern analysis on increasing amounts of total RNA from testis and poly(A)-selected RNA from 150 g of mouse liver RNA (Fig. 4A) . Relative intensity of hybridized mCstF-64 probe was determined using a phosphor storage screen (Molecular Dynamics).
Assuming that there was minimal loss of liver mRNA during poly(A) selection, we estimated that testis RNA contains 254-fold as much CstF-64 mRNA as does liver. Using values for RNA:DNA ratios from Schmidt and Schibler [45] , this finding suggests that, on a per-cell basis, CstF-64 mRNA is as much as 1100-fold more abundant in testicular cells than in hepatic cells. Individual germ cell types likely contain even greater amounts of CstF-64 mRNA. For comparison, the same blot was rehybridized with the probe for the large subunit of RNA pol II (Fig. 4B) .
CstF-64 mRNA in liver poly(A) ϩ RNA migrates more slowly than does that in testis RNA (Fig. 4) . CstF-64 mRNA in mouse somatic tissues, including liver and B cells, migrates at three distinct sizes, 2.2, 3.7, and 4.2 kb (C. Milcarek, personal communication). These sizes would seem to correspond to the sizes in testis (2.2 and 3.5 kb) and in liver (4.2 kb). However, sequence and restriction enzyme analyses of cDNAs suggested that the coding regions of the CstF-64 mRNA from mouse testis and somatic tissues are identical (unpublished results). Therefore, we cannot yet account for the apparent difference in size of the testicular and liver mRNAs for CstF-64.
Determination of Developmental Distribution in Mouse Testis of Proteins Involved in mRNA Metabolism
Because of the strong connections between polyadenylation, splicing, and transcription, we wanted to test whether general splicing and transcription proteins were also present in postmeiotic spermatids. Therefore, monoclonal antibodies to TBP (6H2 [34] ) and to an epitope shared among several snRNP proteins (Y12 [35] ) were used to detect protein in mouse testicular sections (Fig. 5) . These proteins have been previously characterized in testicular cells [46] [47] [48] . TBP and snRNP proteins are detected in Leydig and resident somatic cells in testicular sections. In germ cells, these proteins are detected in all spermatogonia, spermatocytes, and round and early elongating spermatids but not in spermatozoa. Irrelevant antibodies to the adenovirus E1B protein showed little or no staining. These patterns are consistent with those in earlier reports [46, 47] and confirm the general availability in germ cells of these general transcription and splicing components.
DISCUSSION
Changes in mRNA processing and transcription accompany male germ cell development [49, 50] . Because polyadenylation is essential for correct mRNA processing and transcription [2] [3] [4] 51] , we were curious as to whether we could detect distinctive patterns in expression of key transcription and polyadenylation factors during male germ cell development. We found that mRNAs for two polyadenylation proteins and one transcription protein were greatly overexpressed in testis compared with all other somatic tissues examined. In situ analysis showed that the mRNA for the polyadenylation protein CstF-64 was expressed most highly in postmeiotic round spermatids (Fig. 3) . The TBP and snRNPs (components of the splicing apparatus) are also expressed in postmeiotic cells, but their levels were not quantified in this study (Fig. 5 [46, 47] ).
Other studies have shown that several TBP-associated factors [52] and the heterogeneous nuclear ribonucleoproteins (hnRNPs) A1 [46] and A2/B1 [48] are expressed meiotically and postmeiotically. Testis-specific forms of general transcription factors also exist [53] . Therefore, a picture is emerging in which all the factors necessary for mRNA transcription and subsequent processing are abundantly present in meiotic and haploid germ cells, and there are specialized forms for some of them [23, [52] [53] [54] .
Expression of the mRNA for CstF-64 is greatest in or near step 11 elongating spermatids just prior to cessation of transcription (Fig. 3) . TBP mRNA is highly expressed at similar times during male germ cell development [17] , which is consistent with our immunohistochemical data (Fig. 5) . However, levels of TBP mRNA are only partially reflected as increased protein levels because of translational repression of that mRNA in spermatids [18, 20] . These cell types correspond with the end of genomic transcription due to sperm head compaction [49, 55] . Schmidt and Schibler [20] speculated that TBP has some nontranscriptional function in elongating spermatids, which seems less likely in the light of the data presented here that polyadenylation factors, a cotranscriptional and posttranscriptional process, are also overexpressed in these cells.
A more likely hypothesis is that increased levels of mRNA production and processing are required for regulation of some as yet unspecified processes unique to meiotic and haploid gene expression. TBP in particular is thought to recruit polyadenylation factors to the site of transcription initiation [16] from which they are subsequently transferred to the CTD of RNA pol II [15, 56] . Presumably, this interaction is maintained until transcriptional termination downstream of the polyadenylation site [9] [10] [11] [12] [13] . Perhaps the high levels of transcription and polyadenylation factors are necessary during late spermiogenesis to increase factor availability to highly condensed germ cell chromatin. Previously, we described a variant form of CstF-64 that is expressed during male meiosis and spermiogenesis [23] . Polyadenylation complexes containing the testis-specific CstF-64 might have unique interactions with germ cell transcription.
Recently, a hepadnaviral polyadenylation signal that also serves as a TATA box was described [57] . Thus, under certain circumstances, transcriptional and polyadenylation functions overlap. Overexpression of transcription and polyadenylation factors in germ cells might favor this overlap, increasing the effectiveness of the transcriptional promiscuity model [21] .
In yeast, polyadenylation factors associate with the general transcription factor IIH (TFIIH) [58] . The TFIIHassociated cyclin-dependent kinase, Kin28-Ccl1, phosphorylates the CTD after preinitiation complex formation. This is the same step at which, in mammals, the polyadenylation complex is transferred from TBP to the CTD of RNA pol II [16] . Therefore, we were interested in observations that some components of TFIIH are expressed both during and after male meiosis (S.E. Ravnik, personal communication). We propose that similar TFIIH-polyadenylation complexes are formed in male spermatogenesis and in yeast. We further propose that two such complexes are formed in spermatogenic cells: 1) prior to meiosis, the TFIIH-polyadenylation complex forms with the somatic CstF-64 as one of its components, and 2) during meiosis, a unique complex is formed that contains the testis-specific CstF-64 [23] instead of the somatic form. Postmeiotically, both the somatic and testis-specific forms of CstF-64 probably coexist in complexes with TFIIH. Experiments are underway to test these proposals.
CstF-64 protein is not expressed postmeiotically in rats, as it is in mice (unpublished data), although the alternative CstF-64 is expressed. Experiments are underway to examine CstF-64 mRNA levels in rat spermatids to determine whether the undetectable protein levels are reflected in mRNA levels. If the mRNA is undetectable, CstF-64 function may be dispensable in rat spermatocytes and the alternative CstF-64 may take its function in this rodent species.
NOTE ADDED IN PROOF
While this article was in press, a report describing germ cell overexpression of mRNAs for TFIIA␣/␤-like factor and several other general transcription factors was published by Han et al. [59] .
